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A new challenge to ultrasonic inspection techniques is the NDE of 
integrally fabricated turbine rotors, where the turbine blades are either 
bonded to the disk in the manufacturing process or during rotor repair. 
Although reliable detection of gross defects, such as significant disbanded 
areas, is certainly essential in bond NDE, this project is primarily 
concerned with the detection and characterization of overall bond quality 
from a microstructure perspective. Thus, recent efforts have been directed 
toward seeking various ultrasonic inspection techniques which show reliable 
and measurable correlation to near-bond microstructure variations and which 
are implementable as practical inspection configurations. Experiments have 
been performed both on bonded specimens from two major jet engine 
manufacturers[1,2] and on a simulated bonded blade containing seeded defects 
in the bond plane[1]. Inspection modes which showed the best promise of 
correlation to bond quality were leaky Rayleigh waves, critical angle 
longitudinal waves, and longitudinal wave inspection near grazing incidence 
to the bond plane. These methods also are, at least in principle, 
implementable as practical techniques since they only require access to a 
single side of the blade. A second area of effort concerned application of 
models of imperfect interfaces[3] to the inference of bond microstructure 
parameters from ultrasonic scan data. Preliminary comparisons to 
experimental data were qualitatively favorable, but interpretation of model 
parameters in terms of the bond microstructure has not·yet been possible. 
Results of the experimental tests will be presented along with the 
preliminary model comparisons. Analysis of the results will also concern 
selection of candidate techniques for implementation in the second phase of 
this project. 
SAMPLES 
Bonded samples were received from two major engine manufacturers. The 
first set of bonded samples consisted of six polished and etched INlOO 
metallography specimens from Pratt & Whitney Aircraft. These samples 
represented a variety of diffusion bonding process parameters. The bonds 
themselves ranged from essentially perfect to 50 percent disbanded, as 
determined from metallographic analysis. A bonded blade mock-up with seeded 
0.125 x 0.050 inch EDM defects in the bond plane was received from the same 
manufacturer. General Electric Company supplied three 0.635 em (0.25 in.) 
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Fig. 1. Schematic of bonded samples. 
thick bonded plates, representing three different sets of bonding parameters. 
No information (e.g., metallography or other test results) was available 
relating the processing parameters to bond microstructure or quality. An 
illustration of the two bonded sample types is shown in Fig. 1. The IN100 
coupons were subsequently cut to have two faces normal to the bond plane 
(i.e., parallel to the plane of Fig. 1). 
MEASUREMENTS 
Ultrasonic tests were performed in an immersion tank using planar or 
focussed transducers with manufacturer-specified nominal center frequencies 
ranging from 5 to 50 MHz. For the bond coupons, the measurement techniques 
studied were longitudinal waves at normal incidence to the bond plane, 
"conventional" oblique incidence longitudinal and shear wave inspection 
(e.g., at a 45 degree refracted angle), critical angle longitudinal waves, 
leaky Rayleigh waves, and longitudinal waves near grazing incidence to the 
bond plane. (In the last technique, the measured signals represent 
ultrasonic ray paths that include a specular reflection both from the bond 
plane and from the bottom surface of the sample.) Detection experiments were 
also performed on the simulated INlOO bonded blade. For this sample, both 
"conventional" and grazing-incidence tests were performed to assess the 
detectability of the three EDM defects. 
The digitized ultrasonic waveforms obtained from the bond coupons were 
processed to determine ultrasonic reflection coefficients from the bond 
plane. The reflection coeffient was operationally defined to be the 
deconvolution of the raw bond signals by a suitable reference waveform. For 
all of these techniques, the reference signals were ultrasonic reflections 
from an edge or face of the sample which had the same orientation relative to 
the probing ultrasonic beam as the bond plane and were obtained with the same 
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probe configuration as used for the bond measurements. The results of the 
deconvolution are ultrasonic reflection coefficients, relative to the 
reference reflector, as a function of frequency. 
For example, for the grazing incidence technique, the frequency 
spectrum, Rr(f), of the reference signal (reflected signal from the bottom 
corner of the sample), can be written as[4) 
(1) 
where b(f) is a transducer efficiency term, the four factors in parentheses 
are transmission and reflection coefficients for a liquid/solid interface 
(recall that there are two reflections in the grazing angle technique), D(f) 
is a diffraction (beam spread) term, and a(f) is ultrasonic attenuation. For 
measurement of bond reflectivity, the same basic formula as Eq. 1 holds, 
except that the reflection coefficient term, R11• is replaced by the 
reflection coefficient of the bond denoted by r(f). We may then express the 
spectrum, Rb(f), of the signal measured from the bond as 
(2) 
Equations 1 and 2 can then be solved for the bond reflection coefficient in 
terms of the reference corner reflection coeffient as 
Rb(f) 
r(f) = (R (f))R11· 
r 
(3) 
Note that the efficiency term, transmission coefficients, diffraction term 
and attenuation effect have cancelled out since the reference and bond 
signals were obtained with identical experimental configurations. (Similar 
expressions can be derived for the other measurement configurations indicated 
above.) 
MODEL DESCRIPTION 
A quasi-static effective spring model to predict reflection and 
transmission of elastic waves at imperfect interfaces (e.g., fatigue cracks, 
bonds, etc.) has been developed based upon work performed in other projects 
(see Ref. 3 for a discussion of the basic interface model and its 
implementation). The basic model consideration is that the interaction of an 
ultrasonic beam with an interface, or in this case, a diffusion bond, can be 
idealized by replacing the interface by a distrubuted spring, with suitable 
stiffness and excess mass constants, which can then be used to model the 
stress and displacement boundary conditions at the interface. Specific 
models for the local boundary conditions have been developed for cases where 
the interface is characterized as (see Ref. 3 for a discussion of these 
models) an array of ellipsoidal voids or inclusions, elliptical or strip 
circular cracks or contacts, or a thin layer of dissimilar material. For 
each of these assumptions, however, the qualitative characteristics of the 
interface model, as a whole, are similar. For example, regardless of the 
selection of the particular boundary condition model, the interface spring 
model predicts an essentially linear increase with frequency of the amplitude 
of the ultrasonic reflection coefficient until near "saturation" (i.e., as 
IRI approaches unity). The rate of this increase does, of course, depend 
explicitly upon the microstructure of the bond and, hence, upon the choice of 
boundary condition model. In this project, it is hoped that these models can 
be used both to guide the development of inspection techniques for diffusion 
bonds and to determine bond quality by correlating experimentally deduced 
bond model parameters to the associated microstructural details. The next 
section will show comparisons of model predictions to experimental data 
obtained from the samples described above. 
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RESULTS 
This section will present representative experimental and modeling 
results obtained from measurement and analysis of ultrasonic data from the 
bonded samples described above. First, though, it is appropriate to "weed 
out" some techniques which are, due either to low sensitivity to bond 
microstructure or to impractical hardware configurations, inadequate and/or 
inappropriate to the inspection of bonded blades. One such method was 
normally incident longitudinal wave inspection. This technique suffered from 
both low sensitivity, as will be discussed below, and from an impractical 
measurement configuration, since blade geometry precludes inspection from the 
end of the blade. These same inadequacies also apply to the measurement of 
harmonic generation by the bond. Conventional oblique incidence backscatter 
measurements, e.g. using 45 degree shear waves, while being practically 
implementable, exhibited low sensitivity to the bond as well. Possible 
reasons for this low sensitivity will also be addressed below. Techniques 
using dual ultrasonic probes, such as measurements of mode-conversion at the 
bond, are still in progress but are expected to be of fairly low sensitivity 
compared to single mode, backscatter measurements. 
The first results to be presented here will be representative of 
experiments performed on the simulated blade specimen. The goal of these 
experiments was simply to verify the detectability of the simulated defects 
in the bond plane using practical inspection configurations. The results 
shown here are for 60 degree refracted angle longitudinal wave backscatter. 
By way of example, Fig. 2 shows an actual measured RF waveform obtained from 
one of the three simulated defects in the sample. This particular waveform 
was obtained using a 10 MHz unfocussed transducer. As is evident, the 
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Fig. 2. Signal from seeded defect in INlOO simulated bonded blade; 30° 
longitudinal wave backscatter. 
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signal from the defect can be clearly discerned from this trace. Similar 
results were obtained from the other defects. Other inspection 
configurations and wave modes were similarly successful at defect 
discrimination in this sample. Since the defects in this specimen are not 
truly representative of the details intended to be monitored by ultrasonic 
inspection of bonded rotors, no further analysis has been performed on the 
simulated blade. 
Next, attention will be turned toward inspection of the INlOO bonded 
coupons. Initial investigations centered around normal incidence 
longitudinal wave and "conventional" oblique incidence backscatter 
configurations. In the former case, three samples were tested, representing 
a perfect bond, a bond with distributed porosity along the extent of the bond 
plane, and a bond with approximately 50% disbanded area, all as indicated by 
metallographic analysis. Probes used in the tests were either a 15 MHz, 3-
inch focal length or 50 MHz, l-inch focal length (nominal specifications). 
The lower frequency probe was ineffective at detection of the bond plane in 
any of the samples, presumably due to low bond reflectivity at that 
frequency. Using the 50 MHz probe, the bond plane was marginally detectable, 
but no repeatable correlation of the ultrasonic signal features (such as RF 
amplitude, bandwidth, selected spectral components) to bond characteristics 
was possible, due in part to sample size and geometry limitations. Since 
this measurement configuration would not be of use from an implementation 
point of view, and since the measured signals were small, no further 
investigations of normal incidence longitudinal waves were performed. 
Similar difficulties in bond detectability were observed for ultrasonic 
backscatter measurements using "typical" refracted angles and wave modes due 
to low signal amplitude. The modeling results presented below will shed some 
light on the difficulty in detecting the bond with these probe 
configurations. 
Two specific oblique incidence configurations did show some promise of 
bond characterization. These were, respectively, critical angle longitudinal 
wave inspection and leaky Rayleigh wave generation. These configurations 
were implemented in immersion using probe angles in the water of 14.1 and 
29.5 degrees relative to normal to the sample surface, respectively. Tests 
were performed using a focussed probe with a nominal center frequency of 50 
MHz. (The actual center frequency, based upon these experimental trials, is 
approximately 35 MHz.) Reference signals were obtained, as described above, 
from corner reflections from the edge of the samples. Signals from the bond 
region were then deconvolved according to Eq. 3 to estimate the bond 
reflection coefficient as a function of frequency. For example, Fig. 3 shows 
a comparison of experimentally determined reflection coefficients calculated 
from leaky Rayleigh wave versus critical angle longitudinal wave 
measurements. Note that the dependent variable in this plot is the ratio of 
the actual bond reflection coefficient to that of the reference reflector 
(i.e., the ratio r(f) to R11i see Eq. 3.). An important observation from 
Fig. 3 is that the reflection coefficients from the bond appear to increase 
linearly with frequency. 
A further illustration of critical angle longitudinal wave measurement 
is presented in Fig. 4 which shows a contour plot of signal amplitude versus 
scan position on the surface of the sample. According to metallographic 
analysis, the bonded specimen had about 50% total disbanded area in the bond 
plane, including disbanded areas near the edges of the bond. The scan 
results in Fig. 4 are consistent with that metallographic data, particularly 
regarding the disbanded regions near the edges. 
These same two techniques were also applied to the three Ti-64 pressure 
bonded specimens. When applied to the as-received samples, however, neither 
method was successful at detecting the presence of the bond, due to 
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Fig. 4. Contour plot for critical angle longitudinal wave scan of bond in 
INlOO coupon. (Scan area is approximately 0.45" by 0.10".) 
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scattering from the surface finish. Since the as-received surface roughness 
was no worse than might be expected on an actual blade, the inability of 
these two methods led to the consideration of inspection configurations less 
sensitive to surface noise. 
As suggested by an optical analogy, in which the reflectivity of light 
from slightly rough surfaces increases as the incident rays approach grazing 
incidence, the grazing incidence longitudinal wave configuration was 
investigated. Yithout modification (e.g., polishing) to the as-received 
sample surfaces, ultrasonic reflections from the bond region were easily 
observed in all three samples. In fact, the apparent reflectivity increased 
as the incident angle approached grazing, analogous to the optical case. For 
example, Fig. 5 shows the variation in bond reflection coefficient (see Eq. 
3) as a function of incident angle with respect to the bond plane at a single 
position along the bond. Also shown in this figure is a representative 
model-predicted curve generated using values of the model parameters which 
gave a best fit to the data. The increase in reflectivity as the ultrasonic 
beam approaches grazing is evident. Also note that for the particular model 
parameters chosen for the model calculation, the reflection coefficient at 
the bond approaches unity as the incident angle approached grazing, while at 
more "conventional" angles, the reflection coefficient is nearly an order of 
magnitude lower. Of course, other model parameter choices can predict 
somewhat higher reflectivity at "conventional" angles, but for all cases the 
reflection coefficient at grazing incidence approaches unity. 
Fig. 6 shows a contour plot of measured signal amplitude versus probe 
position for a scan using a 0.635 em (0.50 in.) diameter 10 MHz unfocussed 
probe inclined at a 4.5° angle relative to the sample surface. This 
corresponded to a grazing angle of 19.4° at the bond plane (i.e., 71.6° from 
normal to the bond). The location of the bond is clearly seen in the figure. 
Finally, Fig. 7 shows the variation in bond reflectivity as a function 
of frequency for a 4.5° incident angle in the water (70.7° angle in the 
solid, with respect to normal to the bond). The data points were obtained 
using a variety of frequencies of 0.635 em (0.25 in.) diameter unfocussed 
probes and the reflection coefficients are relative to the reference 
reflector (water/solid interface). The increase in reflection coefficient is 
in qualitative agreement with the linear variation predicted by the quasi-
static spring model. The deviation from linearity is not yet understood, but 
may result from bond characteristics which are not consistent with the model 
assumptions; e.g. a discrete large defect. 
CONCLUSIONS 
A number of ultrasonic measurement techniques for evaluating bond 
quality in integrally fabricated rotors were considered. Three techniques 
emerged from this study as having good sensitivity to the bond. These were 
critical angle longitudinal waves, leaky Rayleigh waves, and near grazing 
incidence longitudinal waves. In the first two of these methods, inspection 
will be subject to scattering noise from surface irregularities since the 
ultrasonic waves propagate along or near the component surface. The third 
technique is not so sensitive to surface noise since the ultrasonic waves are 
close to normally incident to the component surface. In conjunction with the 
experimental tests, model studies were initiated to help relate ultrasonic 
measurements to the microstructural variations in the bond region. Initial 
comparisons were made to the near grazing incidence data. At present, 
reasonably good agreement between experimental data and model predictions has 
been possible by using a suitable choice of model parameters. However, an 
understanding of the relationship between these parameter values, which do 
not have relative values that would be expected based upon previous model 
analyses, and the probable bond characteristics has not yet been achieved. 
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Fig. 5. Longitudinal wave reflection coefficient as a function of "grazing 
angle" (i.e., 90° =normal to bond) for bond in Ti-64 sample. 
(Solid line= model, dashed line= experiment.) 
Fig. 6. Contour plot for grazing incidence longitudinal wave scan of bond in 
Ti - 64 coupon. (Scan area is approximately 1.75" by 0.5".) 
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Fig. 7. Normalized reflection coefficient versus frequency for grazing angle 
inpection (4.5° in water) of bond in Ti-64. 
Based upon these exploratory trials, the candidate technique most likely 
to be both quantifiable and practical appears to be the grazing incidence 
approach, which exhibitted sensitivity to bond characteristics while being 
relatively immune from surface noise. Additional investigations are under 
way to apply this technique to a larger sample base. Variations on the 
experiments described above, e.g. using shear waves generated by mode-
conversion at either the component surface or the bond plane itself, will 
also be considered. Further model studies will be aimed, in particular, 
toward quantifying the relationship between bond microstructure and 
ultrasonic indications. Secondary attention will also be placed upon the 
other two methods mentioned above. The goal of next year's work is to 
develop and assess the specifications of a quantitative ultrasonic inspection 
technique applicable to characterization of bonds in integrally fabricated 
rotors. 
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